ABSTRACT: Raman spectra of high temperature carbonate melts are correlated with carbonate species modeled at 923 K using B3LYP/ (6-311+G(2d,p) 
■ INTRODUCTION
Molten carbonate research plays an important role in several areas that include the development of efficient fuel cells, 1−10 spent nuclear fuel degradation, 11, 12 and nerve gas oxidation. 13 Research developments in these seemingly unrelated areas are dependent on the correct identification of various carbonate related species that exist in carbonate melts. In particular, molten carbonate fuel cell (MCFC) technology is a rapidly growing area of energy research. Molten carbonate fuel cells have the ability to reach fuel conversion to electricity efficiencies of 50% and thermal efficiencies of greater than 80%. 7−10 As molten carbonate fuel cells are being developed, the identification of active species in molten carbonates becomes critical. Raman spectroscopy has been used in recent years to identify possible species found in molten carbonates. 1−6 The advantage of using Raman spectra rather than IR spectra is due to the complexity of overlapping bands in IR spectra that are difficult to deconvolute. Assignments of Raman absorption bands have been made by a number of investigators. 1−6 Although these assignments appear to be reasonable, they lack detailed theoretical support of the type that has proved useful in similar studies of ionic liquids. 14−16 In recent years, investigators have used ab initio calculations and Raman spectra to probe both the overall and local structures of ionic liquids as outlined in detail in several excellent reviews. 17, 18 In this study, a number of theoretically stable oxygencontaining species including carbonates have been modeled. The calculated Raman spectra are seen to match the reported Raman spectra with a high degree of accuracy. Previously ignored carbonate and oxygen-containing species are identified as major contributors to the Raman spectral bands.
■ METHODS Computational Methods. The density functional theory (DFT) calculations were obtained using Gaussian 03 in a tight fit configuration. 19 The B3LYP (6-311+(2d,p)) level of computation was used for all structures. Calculated vibrational frequencies of the various structures contain no imaginary frequencies, ensuring the presence of a minimum. The eigenvectors for each normal mode were displayed on the computer and the normal modes were assigned to specific group vibrations in a manner similar to previous vibrational frequency studies of ionic liquids.
14−16
Frequency Correlations. The correlations between calculated and experimental spectra are based primarily on Raman peak intensities and frequencies (cm . These and other related structures were determined at the B3LYP/(6-311+G(2d,p)) level of computation. DFT theory is usually quite successful in predicting accurate molecular structure and vibrational frequencies. are not shown for the sake of brevity.
The possible existence of a number of these species is somewhat unexpected. In addition to the usual planar form of CO 3 2− (Figure 1 Figure 11 ). The highest occupied molecular orbitals (HOMOs) of these singly charged anions are shown in Figure 13 .
The Absolute Energies. The B3LYP/(6-311+G(2d,p)) sum of electronic and thermal free energies (au's) of potential and known species at 923 K are shown in Table 2 . There is no experimental evidence for certain of these species, despite their inclusion in Table 2 . However, future investigations may change this conclusion.
Peroxide Structures. Of particular interest are the various structures of peroxide containing complex anions. The bent structure of KO 2 − is the lowest energy form by 5.8 and 10.5 kcal in energy lower than the linear and triangular structures of 14−16 The calculated Raman frequencies were seen to match the experimental results to within 6%, as shown in Figure 26 . 14−16 This approach rules out several anions (including free carbonate) that are not coordinated to an individual monovalent cation in the high temperature carbonate melts. Species other than carbonate are also seen to require coordination by a monovalent cation.
Boyd and co-workers 1 reported the Raman spectrum of pure molten Li 2 CO 3 at 492 K and reported a strong polarized band at 1072 cm −1 . This is assigned to the C−O−Li symmetric stretch vibration of LiCO 3 − at 1124 cm −1 ( . The authors assign the 830 cm −1 band to peroxide produced via eq 1:
The above gas phase reaction, eq 1, is quite endothermic (ΔG°= +218 kcal/mol); however, when K + ions are added to form KO 2 − , the overall process becomes exothermic (ΔG°≈ −202 to −207 kcal/mol; see Table 2 ). The addition of Li + ions to form LiO 2 − is even more exothermic (ΔG°= −261 to −284 kcal/mol; see Table 2 ). In view of the above, the broad band at 830 cm −1 is assigned to the strong theoretical band at 804 cm −1 for the triangular version of KO 2 − in Table 1 . This assignment is made even though the triangular form of KO 2 − is theoretically the highest energy form as indicated in Table 2 .
There are no strong theoretical LiO 2 − bands that match the observed 830 cm −1 band. The strong band at 1062 cm −1 is likely due to the strong KCO 3 − band at 1059 cm −1 in Table 1 . One cannot completely rule out the possibility that the LiCO 3 − band at 1124 cm −1 also contributes. The weak band at 692 cm −1 is present in an atmosphere of either O 2 or Ar and is assigned to the Raman vibration of KCO 3 − at 678 cm −1 . Effect of CO 2 . Chen and co-workers 4 reported the effect of CO 2 on molten Li/K carbonate at 923 K. The Li/K carbonate melt under 1 atm of O 2 produces initial Raman peaks at 620, 832, and 1062 cm −1
. As time progresses, a weak band at 982 cm −1 is observed. Upon addition of CO 2 to the O 2 atmosphere in the Li/K carbonate melt, the 832 cm −1 peak decreases while the peaks at 620 and 982 cm −1 grow. The peak at 1062 cm −1 remains essentially constant. The authors 4 suggest that the addition of CO 2 leads to the formation of CO 4 2− via eq 2:
This prediction is supported by several Raman bands. The broad peak at 982 cm −1 is well represented by the strong Raman vibrations 6−9 (905−1037 cm −1 ) for CO 4 2− as given in Table 1 . The broad Raman peak at approximately 610 cm −1 is 1.00 dp none also matched by the theoretical O−C−O bend and stretch vibration at 603 cm −1 . A modification of the above prediction (eq 2) is to include the reaction of CO 4 2− with K + to form KCO 4 − via eq 3:
The broad peak at 982 cm −1 can be represented by the KCO 4 − bands (Table 1 ) from 888 to 1122 cm
. The sum of these bands (weighted) is 964 cm . There is also a weaker vibration at 602 cm . It is likely that the observed spectrum is due to a combination of these vibrations for CO 4 Table 2 
■ CONCLUSIONS
In general, the various predictions of high temperature species made in previous articles are reasonably accurate once a coordinating monovalent cation is attached to the anion under discussion.
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